I. INTRODUCTION
Quantum physics (QP) is not all about calculating, and there are diverse reasons why it deserves a place in secondary school curricula. First of all, QP is crucial for our current scientific worldview; students should get the chance to learn this in high school and not be limited to 19th-century physics [1] [2] [3] . Furthermore, QP brought us devices like lasers, solar cells, and microchips that are indispensable for modern life and there is an increasing number of research fields where QP offers new possibilities (e.g., DNA decoding with tunneling, quantum computers, or cryptography). School physics that aims to trigger students' interests with real-life contexts and futureoriented research may better replace some outdated topics in favor of quantum technology. And finally, popular science topics like quantum teleportation, parallel worlds, or quantum computers appeal to the imagination. Similar to Einstein's theory of relativity, QP fascinates scientists as well as students [4] [5] [6] [7] , and educators should not miss the chance to give physics a more attractive image.
The weird and fascinating, almost mythical, image makes QP appealing, though challenging to teach. In contrast to most classical physics topics, we cannot find a consistent visualization for quantum phenomena. QP offers students new views on physical reality, which conflict with earlier learned classical concepts such as the nature of particles, locality, and determinism. Scientists still discuss how-and if at all-QP should be interpreted. In the opinion of some physicists the interpretation controversy is needless [8] or even a scandal [9] . Additionally, instructors have different opinions on discussing philosophical aspects with students. For example, Alonso [10] stated, "My motto is: Learn first what quantum mechanics is good for, and afterwards analyze its epistemological implications." However, recent research shows that epistemological aspects can motivate and help students to understand QP conceptually [11, 12] . Moreover, there are instructors who, indeed, use different interpretations of QP to teach students aspects of the nature of science (NOS) [4, 13, 14] . In the views of these educators, the disagreement on interpretations is an excellent example of science in action: competing scientific theories can exist next to each other as long as there is no evidence favoring one theory over another one [15] [16] [17] [18] . Thus, for secondary education philosophical and historical aspects of QP are not only advocated to enhance students' conceptual understanding but also to serve the more general goal to develop their view on the NOS.
The reason for this research was the controversial introduction of QP in the Dutch national high school curriculum in 2014. Teachers and textbook authors had doubts if secondary school students would be capable of understanding QP concepts at the necessary level of abstraction. The general purpose of the introduction, the selection of content, and the nature of exam questions were subjects of discussion. In this situation, it is valuable to look at the practice of other countries. A similar occasion in 2005, when QP was introduced in Portuguese secondary school physics, led to a general analysis of official curricula of ten countries: Portugal, Spain, France, Italy, United Kingdom, Denmark, Sweden, Finland, Australia, and Canada [19] . It turned out that, at that time, only half of the analyzed countries addressed pure QP themes like uncertainty or duality. The curriculum documents of the other countries only mentioned topics like the quantization of energy levels in the context of atomic physics, which can also be explained with semiclassical models. Remarkably, this study did not include countries like Germany and Austria, which have a long history of teaching QP at the secondary level. In recent years the content of official secondary school physics curricula also changed in the countries mentioned in the Portuguese study. At present, most upper secondary physics curricula contain more aspects of QP. We are not aware of more recent and detailed overviews of QP on the secondary school level. Even one of the best known international studies on advanced science courses in upper secondary school Trends in International Mathematics and Science Study (TIMSS advanced) [20] only gives a short overview of some aspects of QP in the curricula of nine countries. Therefore, the purpose of this study is threefold:
(i) to give a structured overview of QP topics in upper secondary school curricula of different countries. (ii) to identify similarities and differences between the content of QP in these curricula and to give an account on the possible rationale of the common and the distinguishing components. (iii) to investigate how QP is placed in a perspective of learning about NOS in different educational systems.
II. THEORETICAL FRAMEWORK
Our research is about curriculum, quantum physics, and the nature of science. In the following, we present some theoretical and pragmatic outlines and definitions for this article.
A. Curriculum documents
In this study, we collected and analyzed curriculum documents from various countries. Although "curriculum" is a familiar term in educational literature, there is no consensual definition of this term. Curriculum has been defined in terms of learner experiences [21] or as a plan for teaching. This latter might be a list of aims or objectives for learning or a more detailed description of all planned activities in classrooms, including teaching materials and assessment [22] . Van den Akker [23] differentiates five levels of curriculum: international or comparative ("supra" level), nation and state or system ("macro" level), school and institution ("meso" level), classroom ("micro" level), and individual and personal ("nano" level). This grouping is useful for our research; all examined documents stem from the macro level and have an official status such as a national or federal curriculum which is legislated by the government or prescribed by a Department of Education and describes the intended learning outcomes on a specific level. In scientific literature about different curriculum perspectives, these documents are also categorized as the "written" or "formal" representation of the "intended curriculum" [24, 25] .
In this paper, we will further use the term "curriculum documents" to refer to all official written sources we used for answering our research questions. If a document gives very detailed specifications, we might alternatively use the term "syllabus" or "exam syllabus." We only use these specifying documents when they belong to the macro level, so that they are binding legal guidelines for the textbook or exam developers and thus practically mandatory to be followed by educators.
Curriculum documents cannot be compared directly, because these documents serve different purposes in disparate school systems. Especially in countries with compulsory final written examinations like the Netherlands, France, and several German federal states, the syllabi are very detailed. They precisely describe which skills and what content items are essential for the exam. In these countries, the curriculum documents serve as a practical source of information for students, teachers, and textbook authors. In other countries, the national curriculum documents describe the learning outcomes in more general terms.
Indeed there are more reasons for the diversity of the analyzed curriculum documents: the traditions of a country, its general conception of education and the expectations of society affect the content and style of a formal curriculum. However, it is beyond the scope of this research to go into these complex backgrounds. A general classification of the function of a curriculum document can be made by the national examination practices. The kind of examination is usually defined in the curriculum documents and is a significant indication for the particular role and context of each document. We distinguish centrally set school leaving exams and school-based exams. The former are standardized written final exams that are administered to large populations of students so that results can be compared across the country or state. School-based exams are written or oral final exams, locally developed at the school level or by individual teachers, giving them the opportunity to tune the exam with the curriculum document, but evidently, standardization is difficult.
B. Quantum physics in secondary schools
Some time ago, physics undergraduates would not take a course called "quantum mechanics" until their third year at university. To understand the mathematical formalism of quantum mechanics students first should have mastered partial differential equations, complex numbers, and linear operators in Hilbert spaces. This kind of sophisticated math is not taught in high school, and, consequently, courses on the secondary school level cannot focus on a rigorous mathematical description of QP. Therefore, we prefer the more general term quantum physics, emphasizing that the focus is on the "big ideas" rather than the mathematical formalisms. The content of QP courses for secondary schools is comparable to introductory QP courses at the college level for nonphysics majors. These courses mostly cover some historical developments of quantum theory with key experiments and the following central themes: photoelectric effect, wave and particle behavior, de Broglie wavelength, double slit interference, probability interpretation, uncertainty principle [26, 27] . To meet our definition of QP in secondary schools, it is essential that the curriculum covers at least one of the following topics that are related to the fundamental principles: matter waves (e.g., interference of electrons or the de Broglie relation), wave-particle duality, the probabilistic nature of QP (i.e., QP can only give statistical predictions of measurement outcomes), Heisenberg's uncertainty principle, or entanglement. A country is not included in our overview if the official curriculum document solely contains topics such as line spectra of gases, discrete energy levels in an atom or light emitting diodes (LED). These topics are related to QP, but the first two can be explained with a semiclassical planetary (Bohr) model of the atom, and the LED appears in some syllabi only as an electronic component without any QP context.
C. Nature of science
For more than a century scientists and educational authorities have promoted the idea that teachers should not only present results of scientific research as "facts" but that students ought to learn how research is done and how scientific knowledge develops [28] . Currently, this is referred to as teaching the nature of science, which is a term open to many interpretations. Even though the epistemological question as to what the nature of science precisely is, remains deeply philosophical, we want to use the term NOS in the current understanding in secondary education. It refers to what students should learn about the processes that are involved in scientific work and methods scientists use. Knowledge about the NOS is seen as an indispensable part of students' scientific literacy within the development of their critical thinking [29, 30] . In the context of global challenges such as the impact of climate change and the need for sustainable energy use, knowledge about NOS becomes increasingly relevant for all citizens. Understanding how science works is a prerequisite for distinguishing between scientific and nonscientific claims. In the last decennium, NOS has, therefore, become an essential part of science curricula and policy documents in many countries [31] . What exactly teachers should teach and how it can be done successfully is the subject of discussion and research on its own [32] [33] [34] [35] .
Science education research shows that several NOS aspects are particularly relevant for learning QP. Without an understanding of the function and limitations of models, students might stick to the classical idea that particles behave like downsized billiard balls [36, 37] . QP concepts like superposition, interference and Heisenberg's uncertainty relation are not compatible with this model of a particle. A student who believes that science provides absolute truth-and this belief could be caused by previous physics lessons or textbooks [38] -will have problems appreciating the different interpretations of QP. In practice, many students will get to know only one interpretation of QP, namely, the instructor's favorite interpretation. Research in quantum physics teaching and learning shows that teachers' choice of an interpretation affects students' understanding of QP [39] and that this choice should be explicitly explained to the students [40] .
To identify NOS aspects in curriculum documents we use elements from two studies that focus on the practical use of NOS in education. The first one is McComas' and Olsen's [41] analysis of science education standards documents and the second one is a Delphi study that Osborne et al. [42] performed with 23 international experts to find a consensus about which NOS ideas should be taught. To limit the scope of this research, we only focused on some NOS aspects from these studies that could be relevant in the context of teaching QP. We also searched for history of science as a learning goal in the curriculum documents because many scholars advocate including the history of science into lessons to develop informed NOS views of students [43, 44] and QP is often introduced via historical experiments. Table I shows how NOS aspects are essential for the development of concepts in QP.
III. METHODOLOGY
Our work consists of three main steps. First, we sought macrolevel secondary school curriculum documents which cover aspects of QP. Next, we scrutinized these curriculum documents with the focus on QP and NOS. To get an overview of how QP can be taught at the secondary level, we identified a list of QP items that are mentioned in different curricula. We also checked which of the aspects from Table I are described in the curriculum documents. Once we had an overview of which curriculum items are present in each document we analyzed the similarities and differences of the QP curriculum and NOS aspects.
A. Selection of curriculum documents
Although QP is taught in secondary schools in many countries, there is no straightforward way to find countries where QP is part of the mandatory curriculum. Furthermore, relevant curriculum documents are naturally written in the countries' languages and not always easily accessible. The most comprehensive international studies for secondary school education, Programme for International Student Assessment (PISA) and TIMSS, compare educational achievement of students not older than fifteen years, and QP is usually not included in the science curriculum for this age group. Even "TIMSS advanced" about students in the final year of secondary school enrolled in special advanced mathematics and physics programs, covers only some aspects of QP. Moreover, the most recent report from 2015 only contains brief information about the intended physics curriculum of nine participating countries: France, Italy, Lebanon, Norway, Portugal, Russian Federation, Slovenia, Sweden, and United States [20] .
In order to find official curriculum documents from countries where QP is taught, we identified physics education research literature by using the keywords secondary school and quantum, or high school and quantum in databases (ERIC, Google Scholar, WorldCat) since 1996. Additional scanning of the reference lists of the articles found in this initial search and eliminating articles with no physics education context yielded a total of 76 documents dealing with QP in secondary education. The majority of these articles originated from European countries, in particular, Germany (28 articles), Italy (11 articles), and Norway (10 articles). The documents were about teaching and learning QP in advanced secondary physics courses, innovative QP teaching materials or teacher training programs. The QP content of the research articles concerned the following themes: (i) fundamental principles, which emphasize the difference between classical physics, (ii) real or simulated experiments and phenomena to visualize concepts or to show real-world applications, (iii) QP used in the context of atomic theory (iv), the wave function or other mathematical representations, and (v) philosophical aspects of QP. When the authors of an article mentioned the source of a written curriculum, we checked whether the documents were still up to date. In other cases, we contacted authors to get access to the most recent official curriculum documents. This search finally led to 37 current official curriculum documents originating from fifteen different countries plus the International Baccalaureate (IB) diploma program. Some countries have more than one official curriculum document (details are explained in Appendix B). Although the IB cannot be linked to one country, we added the IB diploma program to our research because of its international and exemplary character [45] . Countries without accessible national curriculum documents for upper secondary schools or without QP, as we defined it above, are not included in our overview. Additionally, countries might not be listed because no published research in English emerged from our initial literature search. Accordingly, it is not our intention to give a complete overview of all countries around the world in which QP is taught in secondary schools. Instead, we want to analyze which content is typically used to introduce this challenging topic in different educational systems.
B. Identification and clustering of QP items
We scrutinized the curriculum documents and indicated text fragments related to QP, as defined above. To give a complete overview of what students are expected to know about QP in different countries we derived a list of more than 30 QP items from the syllabuses. By clustering items that belong together into one synoptic term, we reduced a long list with details from all curricula to a manageable summary. For example, the term "matter wave quantitative" combines content items like "Wave character of electrons; relationship between momentum and wavelength according to de Broglie; qualitative experiments with the electron diffraction tube, quantitative data analysis of double-slit or lattice experiments" (Bavaria, Germany) or "calculations with the de Broglie wavelength" (Netherlands). The guiding principle for developing the final list was that it should be as detailed as necessary and as short as possible. After a check of the list by three experts (a professor of theoretical physics and two physics education researchers), we arrived at a list of 17 QP topics that were mentioned in more than one curriculum document. We double checked all documents, and in case of doubt, we asked a local expert to check the coding and our findings. We do not claim that these topics are fundamental or cannot be condensed more, but it gives a detailed and at the same time manageable overview of which aspects of QP are treated in secondary schools. Our final list of 17 QP curriculum topics is shown in Table II .
We ordered the QP items in a way that is convenient for our purpose: From "blackbody radiation" (Q1) to "wave-particle duality" (Q5) the list roughly follows the chronological historical development of QP, which is also a standard order in many curricula. From Q6 onwards the position of a topic represents its frequency, across all documents, from the most to the least often mentioned ones. Probabilistic nature of QP (statistical predictions are possible for the results of measurements); Q10 Philosophical or epistemological consequences explicitly mentioned as a learning outcome (e.g., discussion of interpretations, thought experiments, Schrödinger's cat); Q11 One dimensional model (or particle in a box, potential well) mostly introduced with diagrams of the wave function to illustrate quantized energy levels of a system; Q12 Tunneling (the context might be alpha decay, explicitly presented as a result of tunneling); Q13 Atomic orbital model (also: electron cloud, 3-dimensional potential well, different quantum numbers); Q14 Pauli exclusion principle (used as the motivation of the shell model of the atom and as an explanation of the periodic table); Q15 Entanglement (also called nonlocality, often with an explanation of the EPR experiment); Q16 Schrödinger equation (only one-dimensional time independent); Q17 Calculation of detection probability, Born rule (probability ¼ square of the magnitude of the wave function or square of phasor length in the sum over path approach).
To structure the curriculum items (Table II) we adopted the literature themes we found during the selection of curriculum documents. Subsequently, we asked two faculty members that are involved in introductory QP lectures and two physics education researchers to assign the 17 curriculum topics according to the five content themes. Admitting that some curriculum items fit in more than one theme, we could agree on the grouping shown in Table III .
The curriculum topics listed as 'fundamental QP principles' represent concepts that show the disparity between classical physics and QP. For secondary school students, it is not possible to derive these principles from familiar characteristics of visible objects or any earlier learned school physics.
The items in the category 'phenomena and applications' are helpful to show students that QP is not only a theoretical construct but that it can explain real world phenomena and that there are useful applications of the theory. Many of these technical applications are essential for the life of secondary school students. In some countries, the 'atomic theory' items of Table III are covered by the chemistry curriculum (see Table VIII in Appendix B for more details). On that account, it does not imply that atomic theory is not taught in upper secondary school if we did not find it in the physics curriculum document of a country.
The mathematical side of QP is represented by the fourth theme in Table III . Unlike the "fundamental principles," all items in the category 'wave function or other mathematical representation' involve calculations or at least graphical solutions of, e.g., the Schrödinger equation. All these topics can also be found in traditional university QP textbooks, although the mathematical complexity at university level is undoubtedly higher than in secondary education.
Arguably teaching all aspects of the category fundamental principles of QP can or even should involve philosophical considerations. From a practical point of view, experts agree that the iconic experimental results of the double slit experiment (Q5) and the EPR experiment (Q15) are very suitable to stimulate philosophical discourse in classrooms [13, [46] [47] [48] [49] . Moreover, with teaching about one of these two topics teachers inevitably have to address ontological and epistemological questions. In contrast to the previous theme, these questions are often neglected in calculus-based QP university courses [50, 51] . For school physics, researchers argued that the philosophical aspects are especially valuable. For example, Myhrehagen and Bungum point out that it can help students to develop a qualitative understanding of QP if they compare their own interpretations with those of famous physicists [52] . Moreover, Pospiech argues that modern topics like teleportation and entanglement are fascinating topics for students because they need to modify their understanding of reality [53] . Including the philosophical side of QP in education implies many aspects of NOS as described in the theoretical framework of this article.
C. Method of QP curriculum items analysis
To identify similarities and differences between the content of quantum physics in secondary school physics in different countries (our second research goal), we analyzed the results in two steps: First, we derived the international current core curriculum for QP. Subsequently, we analyzed all curriculum items to explore possible thematic foci.
Determining the core curriculum
We identified the most prevailing curriculum items from our overview of 15 countries. To find these favored curriculum items, we compared the frequencies of the items across the collected documents. To avoid overrepresentation of countries with more than one curriculum document in our survey, we counted the countries-not the number of documents-in which each content item occurs. The set of items that are most common in teaching QP on the secondary level can be called the current core curriculum for QP.
Thematic analysis of curriculum focus
To determine the central themes of QP in secondary education, we compared the items of the current core curriculum with the five themes (i) fundamental QP principles, (ii) phenomena and applications, (iii) atomic theory, (iv) wave function or other mathematical representations and (v) philosophical aspects of QP. We further analyzed the curriculum documents of educational systems which introduce students to more aspects of QP than only the core curriculum. We sought to find the focus of these curricula by exploring if the extra content items concentrated around a specific theme.
D. NOS in physics curriculum documents
The goal of this part of the research is twofold. First, we investigate if the NOS aspects that we assume essential for developing QP concepts are in principle addressed in the curriculum documents. And second, we explore if and how QP and NOS are linked in curriculum documents.
We first scrutinized each of the 23 entire curriculum documents for upper secondary school physics to identify passages that address one of the earlier identified NOS aspects: Methodology (e.g., working with hypothesis and experiments) (N1), the role of scientific models (N2), tentativeness of science (N3), creativity in science (N4), controversies in science (N5), and history of science (N6). For each curriculum document, we registered which of the NOS items was visible in the text.
As summarized in Table I , there are evident relations between QP and multiple aspects of NOS. After the identification of general NOS statements in the curriculum documents, we analyzed if NOS aspects are addressed in the context of QP; we searched for descriptions of learning outcomes that combine NOS with QP. In this part of our study, we do not aim to make any quantitative statements but to find examples of documents in which certain QP content items are explicitly linked with NOS in different curriculum documents.
IV. RESULTS

A. Curriculum documents
Our search for curriculum documents, containing references to the teaching of QP in secondary school, gave a variety of macrolevel sources differing in form and level of detail. Some are written as coherent reflective texts; other documents consist mainly of itemized tables. These documents are published under different names (after translation): national curriculum, national learning plan, learning standards, content standards, syllabus, examination program, or exam specifications. In some countries, several equivalent syllabi exist in parallel. To give an uncluttered international overview of the various curriculum contents, we selected only a few sample documents from these countries. In the country-specific information in Appendixes A and B, we elucidated these selections. For the analysis in our research, we finally used 23 different curriculum documents originating from 15 different countries: Australia, Austria, Belgium, Canada, Denmark, Finland, France, Germany (documents of 7 states), Italy, Netherlands, Norway, Portugal, Spain, Sweden, and the United Kingdom (2 documents). The original sources of the curriculum documents are listed in Table VII in Appendix A. In most of these countries QP items are taught in an elective physics course in the final high school years, typically for students aged 17 to 19. Only in the curriculum document of the German federal state of Bavaria, we found QP items, like wave-particle duality, in the general physics course for all 15-to 16-year-old students. In some countries, teachers have the option to choose between several advanced physics options (e.g., relativity or astronomy or quantum physics).
B. QP curriculum items
Although most analyzed physics curricula are divided into thematic sections, QP is not a separate section in every country. Often the QP items are combined with items from nuclear physics or relativity in a section called "Modern Physics" or similar. In some countries, the QP items are spread over different sections such as "atomic models," "radiation," or "revolutionary ideas." The curriculum content is often presented in a tablelike structure, sometimes with extra information about contexts, explanations, lesson time, and competence aims with the expected depth of knowledge, formulas, or example questions. What kind of extra information is given in the document partly depends on the role the curriculum is expected to fulfill, as mentioned above. In countries with oral exams, teacherset exams or QP as an optional subject (e.g., Belgium or Austria), the curricula are more general and mention various optional items, whereas countries with QP in an externally set high stakes standardized school-leaving exam (e.g., the UK, the Netherlands, and most German states) give more detailed specifications.
To illustrate the various styles of curriculum documents we show some-if necessary, translated-sections regarding the items Q5 and Q6 in Table IV : We gave the item code Q5 ("wave-particle duality") to all statements concerning the central idea that in QP light and particles cannot be described as in classical physics. Several curriculum documents mention key experiments like the double-slit experiment or the Mach-Zehnder interferometer, in which this quantum property can be explained conceptually. Other documents do not mention such details but cover the same concept in general terms. Item code Q5 thus stands for a qualitative understanding; calculations and formulas are not necessary. Item Q6 ("Matter waves, quantitative") concerns the mathematical use of the same aspect, mainly for calculations with the de Broglie wavelength.
Our examples in Table IV demonstrate that the styles of official curriculum documents are noticeably different, which is related to the divergent functions these documents fulfill in the educational systems. Educators and textbook developers in all countries use these official texts, but the rigor of definitions in the curriculum documents differ from country to country. The quotes in Table IV show that Finnish and Austrian curriculum documents use open terms to describe the required course content. This unspecific description gives teachers vast possibilities to interpret the curriculum document and define learning outcomes themselves. On the contrary, the intended student competencies are described in high detail in the curriculum document like that of the German federal state of Baden Württemberg. Although teachers have the freedom to design their own lessons, such a syllabus will ensure that the physics lessons will cover all listed competencies to prepare students for their high stakes exams. Despite the differences in styles, it is our goal to give a clear overview of curriculum items. Therefore, we grouped countries with similar examination systems next to each other in Table V because a similar way of examination makes the curriculum documents more comparable, as explained in Sec. I. The symbols we used in Table V are explained in the legend, but for clarity about the use of "compulsory" or "optional," some extra information: A filled square (■) indicates a compulsory item of an upper secondary school physics course (students ages [17] [18] [19] . In most cases, this is an elective course. If the curriculum document explicitly mentions an item as optional for the teacher (e.g., some curricula allow teachers to choose between different advanced physics topics) we use an open square (□).
C. Results of the curriculum items analysis
As indicated in the methods section we conducted two types of analysis: a compilation of the most frequently included curriculum items and an analysis of differences between curriculum documents. After collecting the data in Table V , we found it problematic to include "black body radiation" (Q1) and the "Bohr model of the atom" (Q2) in our study. Historically both items were steps in the development of QP, but they are not necessary to understand or support any other QP concept. Furthermore, in some countries, blackbody radiation is mentioned in the context of astrophysics, not QP. Moreover, the Bohr model of an atom belongs to chemistry in several countries. In some educational systems, physics and chemistry are taught as a combined subject, and Bohr's atomic model is solely used to explain atomic spectra and chemical bonding without relation to QP. Consequently, the presence of Q1 and Q2 in the list is ambiguous. For completeness, we include these items in the frequency table, but we decided to not include them in our further analysis.
Current core quantum curriculum
In Table VI we show the frequency of different items across countries and across all documents in this study. As explained in Sec. III our units of analysis are countries for this part of the research. "Discrete energy levels" (Q3), "Interaction between light and matter" (Q4), "Wave-particle duality" (Q5), "Matter waves, quantitative" (Q6) and "Technical applications" (Q7) are undoubtedly the most commonly occurring QP items. At least 12 of the 15 different countries and the IB program (see Table V ) mention these learning outcomes. The next two items "Heisenberg's uncertainty principle" (Q8) and the "Probabilistic nature of QP" (Q9) are included in at least 8 of the 15 national curriculum documents. Although the probabilistic nature of QP is not explicitly mentioned in all curriculum documents, this concept is probably included in textbooks and lessons in most countries. It is inevitable to address the statistical character of predictions for a correct description of the double slit experiment with single quantum objects. The items that are mentioned in the majority of the countries (Q3 to Q9) define the international current QP core curriculum on the secondary level. The QP curriculum content of the following countries is a subset of this core curriculum: Australia, Canada (province Ontario), Denmark, England, Finland, France, German (state Baden Württemberg), Portugal, and Spain. The name "core curriculum" is even more appropriate, if we take into account educational systems with two different advanced physics courses-either consecutive courses or alternative courses: Table V shows that nearly all basic courses solely mention content items confined to the core curriculum.
The curriculum items Q10 to Q17 only occur in a few documents. The topics are diverse and can be seen as extensions of the core curriculum (Fig. 1) . Items that exist in the curriculum documents of at least three countries are "Philosophical consequences" (Q10), the "One-dimensional model or potential well" (Q11), and "Tunneling" (Q12). These items are not necessarily related to each other and occur independently in some curriculum documents.
Thematic foci of curricula
We found that the content focus of the secondary school QP curricula lies primarily in the fundamental principles and the phenomena and applications. All of the seven content items from the core curriculum belong to these two categories. Consequently, high school students from most countries will mainly get to know fundamental principles and phenomena and applications of QP in an advanced physics course. It is interesting to note that the three items from the Bavarian general physics course for 15-to 16-year-old students all belong to the category fundamental principles; phenomena and applications are not explicitly mentioned.
The extra content from advanced physics courses stems from the other three categories. Figure 2 shows how the extra items of different curriculum documents can be categorized: The IB diploma program and the Scottish Low-energy electron diffraction experiments; qualitative explanation of the effect of a change of electron speed on the diffraction pattern.
Q5
Electron microscopes: Estimate of anode voltage needed to produce wavelengths of the order of the size of the atom.
Q6
Germany, Baden Württemberg (Two-hour course with emphasis on quantum physics)
The students recognize that any classical model fails to describe the behavior of quantum objects entirely and consistently. In particular, they recognize that quantum physical experiences and experiments call into question familiar concepts and question concepts like determinism, causality or trajectory. They describe that behavior of quantum objects using probability statements.
Q5
The students can: Describe similarities and differences in the behavior of classical waves, classical particles and quantum objects at the double-slit experiment.
Explain that for quantum objects probability statements replace the determinism of classical physics. Describe interference experiments with single quantum objects using probability statements, and explain the outcome of the experiments.
Describe that quantum objects always have wave and particle properties, but that these properties cannot be observed independently of each other. Students use quantum interference properties and which-way information for individual quantum objects (for example double-slit experiment or Mach-Zehnder interferometer)
Q5 (…)
Explain how quantum objects can be described by their energy and their momentum, Also the Belgian and the Austrian curriculum documents contain philosophical consequences, but in both countries, they are only mentioned as an optional suggestion. There was no QP curriculum document that mentioned atomic theory without any item from the category "wave function or other mathematical representation." We take the two Scandinavian countries Sweden and Norway to illustrate how the core curriculum of the two countries is similar, but the extensions have a very different focus. Both countries have two successive advanced physics courses; for clarity, we call them "basic advanced" and "higher advanced" for both countries. Figure 3 shows the themes of these courses according to our thematic content analysis D. NOS in curriculum documents
NOS in every curriculum document
In the majority of the curriculum documents, the NOS aspects are formulated as desiderata and not as a list of mandatory test items or detailed descriptions like the QP topics. Examples of these generic formulations from Denmark and Italy can be found in Appendix C. In some countries, though, NOS aspects are explicitly formulated as learning outcomes. For example, in most German curriculum documents, all content items are linked to specific investigation skills or competencies that the students should master at a particular stage of their school career. These competencies also contain analytical, epistemological, (2019) argumentation, and judgment aspects that are related to NOS and scientific literacy. Also, in the curricula of Australia and Ontario (Canada), NOS aspects play an important role. Achievement levels of the intended learning outcomes for several NOS aspects are accurately described in the investigated documents from these countries (see examples of Australia in Appendix C). Remarkably, in the physics guide of the IB diploma programme, six pages are devoted to a discussion of NOS and scientific literacy. In the syllabus, each content topic is linked to NOS by an "essential idea." The connection between content topics and NOS is clearly explained, and for each topic, NOS aspects are also integrated into the internal assessments of the IB program but not in the written external exams.
While the way in which NOS is presented in curriculum documents is very diverse, all countries mention most or even all aspects from the six categories we identified as relevant for QP (see Table I and Table V) . "Methodology (e.g., working with hypothesis and experiments)" (N1) is explicitly mentioned in all curriculum documents. "The role of scientific models" (N2), "Tentativeness of (N3), "Controversies in science" (N4) and "History of science" (N6) can be found in at least 20 of the 23 curriculum documents (or at least in 12 of the 15 countries). Only the NOS aspect "Creativity in science" (N5) is not very common. We found it in 12 of the 23 curriculum documents and only in six of the 15 different countries.
Scarce explicit QP-NOS connections
Only a few curriculum documents make the connections between QP items and specific NOS aspects explicit in their learning outcomes. Generally, these are the elaborate documents with well-defined multidimensional achievement levels. In the examined documents, we basically found three variants of coupling between QP items and NOS aspects: (1) Explicit connection of content-related specifications of defined competencies, (2) integration of NOS in the structure of the curriculum document, and (3) single NOS aspects mentioned as an integrated part of a content item. In the following, we will show examples for each of these explicit connections.
(1) Intended achievement levels from the curriculum document of North Rhine-Westphalia, Germany: "The students show examples of the limits (…) of wave and particle models for light and electrons (B4, K4), [and] describe and discuss the controversy surrounding the Copenhagen interpretation and the wave-particle dualism (B4, K4)" (p. 31).
In this document, the abbreviations B4 and K4 refer to earlier defined evaluation and communication skills that are related to the NOS aspects N2 (the role of scientific models) and N4 (controversies in science) from this research. (2) As mentioned above, in the IB physics guide NOS is central. Each paragraph of the curriculum document starts with the NOS aspect that is visible in the content of this paragraph. For the paragraph "The interaction of matter with radiation" this is "Observations: Much of the work towards a quantum theory of atoms was guided by the need to explain the observed patterns in atomic spectra. The first quantum model of matter is the Bohr model for hydrogen. Paradigm shift: The acceptance of the wave-particle duality paradox for light and particles required scientists in many fields to view research from new perspectives." (p. 90). In our categorization of NOS items, these statements belong to N1 [methodology (e.g., working with hypothesis and experiments)] and N6 (history of science). (3) The paradigm shift-as an aspect of the history of science-is in several curriculum documents the only explicit connection between NOS and the QP content. For example, the Scottish document says, "Quantum theory can be introduced by consideration of experimental observations that could not be explained by classical physics, together with the various efforts made to resolve these dilemmas." (p. 23) In the Norwegian curriculum, it is formulated as, "The aims of the studies are to enable pupils to […] give an account […] of how the wave nature of particles represents a break with classical physics." (p. 6) In summary, we can say that explicit connections between QP content items and NOS are only given for certain NOS aspects in some countries. The most extensive connections between NOS and QP can be found in documents that do not treat NOS in a separate chapter, but structurally integrate cognitive skills and epistemological aspects in the physics curriculum.
V. DISCUSSION
A. Core curriculum and NOS
In this article, we gave a structured overview of QP topics in upper secondary school curricula of 15 different countries. Identifying the seven most prevalent QP content items in these countries led to our definition of a current QP core curriculum (see Fig. 1 ). What does this core curriculum tell us about QP in secondary schools?
First, from the fact that we were able to find QP topics in 15 countries, we conclude that it is not only accepted to teach aspects of QP on the upper secondary level in some experimental setup, but that it has now become the standard educational practice in many countries. In most investigated countries QP is part of an elective advanced physics course for 17-to 19-year-old students typically taken by 5% to 20% of the overall student population [20] . In preuniversity schools of Germany or the Netherlands, 40% to 50% of the upper secondary students take advanced physics in their final exams [54, 55] . Notably, we found one curriculum document in which some central aspects of QP are even taught to a broader and younger group of students. In the German state of Bavaria wave-particle duality and the probabilistic nature of QP is in the compulsory science curriculum for all 14-to 16-year-old pre-university students (in 2017 31% of the cohort [56] ). While it is not common and might seem ambitious that students learn some central ideas of modern physics at middle school age, there are some indications that this is possible. For instance, a comparable teaching project with 14-to 16-year-old students in Australia shows that core concepts of "Einsteinian physics" are intelligible for students of this age group and that the program significantly increased girls' interest in physics [57, 58] . Second, in contrast to the difficulty to define a core content of introductory quantum mechanics courses on the undergraduate level [59] , our research shows that on the secondary level there is a high correspondence of core QP content items in different countries. Certainly, it is important to bear in mind that for secondary education the intended learning outcomes of each authority is more than a list of content items. Most curriculum documents contain overarching goals and describe the desired development of students' understandings, competencies, and skills like the level of problem-solving abilities. These pedagogically elaborated goals are not a subject of this study. However, by perusing the items of the current core curriculum, we got an impression of what topics are regarded as achievable basics of QP for upper secondary schools in many countries. We will discuss the content items of the international current core curriculum in detail.
(Quasi-)history
Remarkably, the two most common items "Discrete energy levels (line spectra)" (Q3) and "Interaction between light and matter, for example, the photoelectric effect" (Q4) do not necessarily require QP. For example, spectral lines can be-and frequently are-explained with a planetary Bohr model of the atom [60] . Likewise, several authors point out that the presentation of the photoelectric effect in many textbooks is oversimplified and might not enhance students' understanding of QP [61] [62] [63] [64] . However, the popularity of these items supports the findings of Kragh, who already in 1992 found that "Virtually all textbooks introduce the quantum postulate-that is, the necessity of conceiving physical processes as discontinuous at the atomic or subatomic level-by referring to a number of experimental facts that were discovered in the early part of the twentieth century and which seem inexplicable without the hypothesis of quantization." [27] (p. 351). He found that most textbooks oversimplify the actual course of history by presenting the photoelectric effect as an unsolved problem that was brilliantly explained by Einstein and consequently led to the introduction and acceptance of the new quantum theory. Science education researchers identified this praxis as a quasihistorical approach in which historical experiments and discoveries are presented as if the chronological order of evidence of failures of classical physics made the development of a new theory necessary [27, 65] . Historically, the development of ideas in science is much more complicated. In particular, the early years of QP were characterized by controversies, presuppositions, contradictions, and inconsistencies [14] . Leaving away all these struggles seems to be a justified simplification in textbooks, but on the other hand, it is a deprivation of giving students more insight into NOS [18, 61] .
A reasonable explanation for the popularity of line spectra and the photoelectric effect is that both phenomena can be demonstrated in relatively simple experiments within the means available in most high schools. Especially for a theoretical topic like QP, experiments are regarded as important for students' understanding [66] . Moreover, for example, interactive computer simulations in which students can manipulate the setup of the photoelectric effect can be useful to stimulate inquiry-based learning [67, 68] . Nevertheless, curriculum developers should be aware of the disadvantages of a quasihistorical introduction to QP. They might consider a genuinely historical approach which offers many chances for NOS teaching or a different introduction of QP, for example via two-level systems (see below).
Tradition and uncertain interpretation
The items "Wave-particle duality, also called complementarity" (Q5), "Matter waves, quantitative (calculations with De Broglie wavelength)" (Q6), "Heisenberg's uncertainty principle" (Q8), and "Probabilistic or statistical predictions" (Q9) are all indispensable in the academic tradition of QP teaching [47] and they also emerged in the list of key topics in a recent Delphi study amongst Dutch academic experts about teaching QP in secondary education [69] . On the one hand, the reason for this seems obvious: Stating that light and particles have both particle and wave nature is evidently different from classical physics and a fundamental key concept in QP. Moreover, emphasizing the differences between a classical worldview and a QP view is advocated to be crucial in developing students' understanding of quantum concepts [53, 70, 71] . On the other hand, it is remarkable that waveparticle duality also can be found in syllabi of countries with high stakes exams that do not mention any philosophical aspects. One may wonder what kind of examination problems can be developed on wave-particle duality because answers depend on the interpretations of QP, and consensus on a "correct interpretation" [72, 73] . McKagan et al. [59] have pointed at the problem of developing good concept test questions on duality, because of different QP interpretations. Although wave-particle duality can be found in virtually every QP curriculum, and it is seen as a central concept in teaching QP [40, 53, 59, 69, 70, 74] , students and teachers might not be aware of different possible interpretations. Most curriculum documents do not give detailed information on how wave-particle duality should be understood. We often found formulations such as "By the end of this unit, students (…) evaluate the experimental evidence that supports (…) wave-particle duality" (Australia, p. 42) or "The candidate can (…) apply the wave-particle duality for explaining interference phenomena in electromagnetic radiation and in matter particles" (Netherlands, p. 26) , which are open to various QP interpretations, but do not address the existence of any interpretations at all.
Teachers, textbook authors, or test developers who work on the basis of these curriculum documents have to decide if they avoid interpretations of QP, if they use a specific interpretation, or if they want to address several interpretations. Research in American university courses shows that if instructors do not mention any interpretation of the wave-particle duality, that students are more likely to use realist interpretations which is commonly not the desired understanding of QP [50] . However, leaving the choice for a specific interpretation to the educators is also problematic because different interpretations of wave-particle duality require different analogies, different educational strategies like simulation, and different test questions [40] . For the development of unambiguous test marking schemes, it seems a prerequisite to state which interpretation of QP has to be taught. Therefore, more clarity for the use of QP interpretations in most curriculum documents would be desirable.
That it is actually possible to offer more support in how to address wave-particle duality is shown by the French, some German, and the Norwegian documents. The French national curriculum document mentions one specific interpretation, namely, that the photon is neither a wave nor a particle. In additional curriculum texts and some French textbooks, such quantum objects are called "quantons" to underline the novelty of QP [75] . However, in 2015 Lautesse et al. found that most French secondary school physics textbooks still use classical terminology like wave and particle to describe light or electrons which contradicts the intended clarity of the official curriculum document [76] .
Some other curriculum documents explicitly address interpretations of QP. For example, the German document of North Rhine-Westphalia (NRW) says "The students describe and discuss the controversy surrounding the Copenhagen interpretation and the wave-particle dualism." (p. 31) and "The students explain that the wave-particle dualism is abolished by the probability interpretation" (p. 45). The Norwegian curriculum document emphasizes the qualitative description of quantum phenomena and requires students to be able to discuss philosophical and epistemological aspects of NOS [77] . For educational research, it would be interesting to examine how teaching different interpretations affects students' understanding of QP and NOS.
Technical applications
A unique item of the current QP core curriculum is "Technical applications (e.g., scanning electron microscope SEM, light emitting diode LED, semiconductors, and laser)" (Q7). This curriculum item reflects the effort to show students real-world applications of physics theory, which is often advocated as making physics lessons more attractive to students [10, 78] . Without the evidence of real quantum technology, students might regard QP as some weird theoretical-philosophical or mathematicalconstruct. Frequently working with different examples also enables students to transfer theoretical concepts to various new contexts [79] [80] [81] . In contrast to the other core curriculum items, technical applications commonly do not belong to the academic tradition of introductory QP teaching [82] . Certainly, there are diverse university courses that cover applications of QP in various scientific fields, but for the early introduction of QP, this curriculum item is unique.
B. Thematic foci and NOS
In our analysis of the less common curriculum content outside of the core curriculum, we were able to identify three thematic foci: wave function or other mathematical representation, atomic theory, and philosophical aspects. Countries that introduce secondary students into more than the QP core curriculum expand the curriculum into one or a combination of these three themes (see Fig. 2 ). In comparing the national curricula of Norway and Sweden, we showed how these two countries share a similar content in their basic course but introduce students to very different aspects of QP in the higher advanced physics courses (see Fig. 3 ). Why would a choice for a specific focus be made in a curriculum?
Each focus offers possibilities to present a different facet of the nature of physics, and what is taught might illustrate a specific understanding of why we teach physics. A focus on atomic QP connects the content of chemistry and physics. Including the wave function, or other mathematical descriptions resembles the traditional introduction of QP at university level and could serve as an orientation on this, whereas a philosophical focus facilitates discussing the NOS [77] . Different foci thus reflect what Osborn and Dillon call the dual mandate of science education: serving "the needs of future scientists and the need of the future non-scientists." In their critical reflections on European science education, they state that traditionally "the content of the science curriculum has largely been framed by scientists who see school science as a preparation for entry into university rather than as an education for all" [83] . Clearly, the mathematical representation of QP in curriculum documents (see the Swedish example in Fig. 3 ) is a result of this traditional understanding of the purpose of science education. It also explains why experts from Dutch universities chose the mathematically demanding wave function as a relevant content item for secondary school physics in a recent Delphi study [69] . If, in contrast, an upper secondary QP course also aims to develop students' ideas about science, a philosophically oriented curriculum focus offers more possibilities. The Norwegian example shows how students can get acquainted with NOS aspects like controversies about the interpretation of QP and actively participate in argumentations about philosophical aspects of QP [84] [85] [86] . While such integration of NOS in school physics is favored in contemporary science education literature, it seems difficult to assess it in standardized exams because there typically is no "right" or "wrong" answer. This is presumably why we found philosophical aspects of QP mainly in the curriculum documents of countries with oral exams or locally set final exams (see Table V ).
VI. CONCLUSION, CHALLENGES, AND FUTURE POSSIBILITIES
We can conclude that-in contrast to the research results from 2005 [19] -QP is taught in upper secondary schools in many countries now, and there is a common core curriculum. However, in light of physics education research, we see more possibilities to connect NOS teaching with QP, and the current core curriculum might not necessarily be the best way of introducing QP on a conceptual level. As mentioned earlier, our analysis of curriculum documents cannot always give an authentic image of what happens in classrooms. Textbooks and teachers make their own choices in the framework of the curriculum and exam requirements. It would be valuable to study textbooks and classroom practices in different countries in the future. At the moment, it seems that the most common approach is quasihistorical with elements from traditional university quantum mechanics courses. Certainly, it is unrealistic to expect surprising curriculum innovations in most countries, because developing and changing national standards is generally a complex and slow process which often involves different stakeholders [87] . However, we discovered interesting details in the curriculum of some countries which makes secondary QP more than a copy of the "what we have always done in higher education" without the mathematical depth. Some of these "unusual" items might be seeds that grow bigger and might appear in a larger number of national curriculum documents over time. Items we want to mention in this category are not only the philosophical consequences of QP but also quantum entanglement and its application. At the moment the latter is only mentioned in the Norwegian and two German curriculum documents.
Quantum entanglement has far-reaching philosophical consequences which not only evoke NOS teaching but also have the potential to motivate students [49] . Many authors argue that understanding QP concepts could become much easier for students if we would introduce the concepts with entanglement experiments of two-level systems [88] [89] [90] [91] [92] . This approach, which is also called the qubits approach, spin-first approach or Dirac approach [92] [93] [94] emphasizes the fundamental role of the superposition principle in QP. Several activating pedagogical strategies-for example, simulated experiments for students to work with-have recently been developed [95] [96] [97] . The proponents of this pedagogical approach expect that students grasp the key concepts and philosophical consequences of QP directly and much easier with two-level systems because they do not have to go through all the same problems as physicists in the first phase of the development of the quantum theory. Further research has to be done to investigate the educational possibilities that could be pursued on a larger scale.
APPENDIX A: REFERENCES TO THE ANALYZED CURRICULUM DOCUMENTS
In Table VII we provide the online sources for all curriculum documents used in our research. 
APPENDIX B: BACKGROUND INFORMATION ABOUT EDUCATIONAL CONTEXTS
Curriculum documents from different countries have very different structure, status, and logic; background information about courses, students and the kind of school leaving exam is important to understand the diversity of content and representation. Table VIII lists some relevant aspect of the different national educational systems. a United Kingdom (England): The national curriculum for upper secondary physics (GCE subject level conditions and requirements for science) is not very specific because independent examination boards execute the examination for British A-Levels. These examination boards on their term have very detailed exam syllabi to define precisely which content and what kind of questions students can expect in the written exam. The data for the comparison in Table V were taken from the specifications of the Assessment and Qualifications Alliance (AQA), the largest of the five main examination boards for British A-Levels. More detailed information about NOS aspects in British science education can be found in the National Curriculum in England: Science Programmes of Study [98] . Since this document does not cover any aspects of our definition of QP, it has not been included in this research.
b Denmark: Physics A is required to include "Physics of the 21st Century." The subject is a window to the current physics. The course will vary from year to year and the contents will be announced every year. In recent years the subjects were: medical physics, plasma physics, fusion energy, modern particle physics, astronomy. In Table V we indicate technical applications of QP as optional because it is likely that these are treated in Physics of the 21st Century. Additionally, the core material of the curriculum must fill approx. 70% of teaching time. The last approx. 30% must be used for optional (supplementary) subjects. Current events, such as significant natural phenomena and research findings in the media, can thus be included in the teaching.
c Germany: QP has a long tradition in secondary schools in Germany. Starting from 1945 it was taught in physics courses of the final two years at the pre-university level (Gymnasium) [99] . Depending on the federal state this is grade 11 and 12 or 12 and 13; students are usually 17-to 19-years old. Physics is an elective course of two years at these grades. Students can choose between two different levels: G (Grundkurs), a more basic general physics course or L (Leistungskurs), a specialized course which typically has more lesson time, offers more depth, and might require a high level of mathematics. QP is a compulsory part of both courses but offered with different depth and mathematical complexity. In Germany, a general national examination document (Einheitliche Prüfungsordnung, 2004) gives overall learning objectives. Within the guidelines of this national document, each of the 16 federal states is responsible for the school system of the individual state, examination, and related detailed syllabuses (Lehrplan). Since all states have to comply with the same national directive, they show many similarities, but still, there are significant regional differences regarding examinations, chosen topics and intended learning outcomes. To give a representative overview of Germany's variety of curricular documents we took into account the individual curricula of the seven most populated German states. The curriculum of Bavaria has a notable specialty: students in this federal-state already learn some central QP concepts at the age of 15. At that age, physics is a compulsory subject for all Gymnasium (pre-university secondary school) students. The developers of this curriculum consider QP as so crucial for our modern worldview that every student-even if they do not choose physics in their final years-should know some fundamental properties of QP [99] .
d France: Chemistry and Physics are integrated into one subject in French upper secondary schools, and there is a national curriculum for this subject. While aspects of QP were taught in French upper secondary schools before 1995, this topic disappeared in a curriculum reform. In the curriculum from 1995 selected items were more real-world related and less mathematical, and as a consequence, QP was not mentioned anymore in the intended learning outcomes [100] . However, in 2012 several QP items were reintroduced in the national curriculum [101] .
e Italy: The final exam on a Liceo scientifico consists of three written and one oral exam, only the first two written exams are national exam: one in Italian language and the second one in mathematics or physics. In the beginning of each year the Ministry of Education announces which of the two subjects will be examined in the national exam of that year.
f Portugal: In Portugal, physics and chemistry are taught as a combined subject for higher years of secondary school (students age 15 to 18). Physics can only be chosen as a separate subject in the final year (grade 12) of the science and technology upper secondary academic track. The connection between the two subjects is intense, and QP items related to atomic models and the periodic table (e.g., the Pauli exclusion principle) are taught in chemistry lessons. Consequently, this is not visible in the comparison of physics curriculum documents of Table V. g Belgium: We analyzed the curriculum of the senior secondary general education (ASO) of the Catholic Education Flanders (VVKSO) 3, which is the largest school board in Belgium. Belgium has a complex structure of the educational system. First of all, there are three different language communities (Flemish, French, and German-speaking) with different educational systems and, second, three different school boards have their own curriculum and school leaving exam. QP is one of eight possible choice modules. The teacher chooses at least two of these modules in the last two years of secondary school.
h Spain: Spanish upper secondary schools do not have a high stakes leaving exam. However, students who want to enter university have to take a national university entrance test (Prueba de Acceso a la Universidad, PAU), which can be regarded as equivalent to final exams in other countries. These PAU exams are set by the Public Universities, and the content of the exam is not exactly the same as the high school curriculum. During recent years there have not been any questions about QP in the PAU. In practice, this can make QP to an underestimated topic in high school, and teachers occasionally skip it in order to have more lesson time for tested topics [102] .
APPENDIX C: EXAMPLES OF CURRICULUM TEXTS CONCERNING NOS ASPECT N2: THE ROLE OF SCIENTIFIC MODELS
To illustrate the variety of curriculum documents, we provide examples that show how the role of scientific models is described in some countries.
Denmark (Current STX curriculum-Physics B) "Through their work with experiments and theoretical models, the pupils will gain knowledge of how physics models are set up and used as a means to qualitatively and quantitatively explain phenomena and processes". (Purpose, p. 55) Italy (Framework of the Second Physics exam of the State Exam for the Licei Scientifici, translated by the author)
"[At the end of the high school career the student will have the following general competencies:]
• Being able to examine a physical situation by formulating explanatory hypotheses through models or analogies or laws; … • Being able to interpret and/or process data, also of an experimental nature, verifying their relevance to the chosen model. …" (General competences of Physics, p. 3) Lower Saxony, Germany I (Core curriculum for upper secondary Gymnasium education, Physics)
"Working with models Physical problems are made accessible by modeling and certain idealizations of processes. Models can be representational, iconic, graphical or mathematical or they use analogies. Examples from lower secondary education are the core-shell model of the atom, the model of elementary magnets and the particle model introduced in chemistry classes as iconic models, energy flow diagrams as graphic models. In upper secondary education, mathematical models also include phasor diagrams. In examples, the students recognize the capacity of models to make predictions and they understand the limits of models. Only advanced learners are able to reflect on the differences between model and reality."
At the end of lower secondary education, the students … • show relationships in the form of graphical representations.
• check hypotheses on selected examples by self-designed experiments.
• use models as a tool for solving problems and formulating hypotheses.
• describe idealizations in different situations.
• distinguish between models and reality. Additionally, at the end of upper secondary education, the students …
• represent relationships in the form of function equations.
• only advanced level: model simple processes with differential equations.
• explain the model of the potential well and use it as a heuristic tool for problem solving.
• Use the phasor representation or other appropriate representation to solve problems in wave physics or quantum physics.
• recognize structural equalities and use them to transfer existing knowledge to other situations. • distinguish between model presentation, iconic representation and reality." (Process related competencies, p. 19, translated from German)
England (AQA Education, specifications AS and Alevel physics)
"Understanding of How Science Works is a requirement … and is set out in the following points which are taken directly from the GCE AS and A Level subject criteria for science subjects. Each point is expanded in the context of Physics. The specification references given illustrate where the example is relevant and could be incorporated.
A. Use theories, models and ideas to develop and modify scientific explanations
Scientists use theories and models to attempt to explain observations. These theories or models can form the basis for scientific experimental work.
Scientific progress is made when validated evidence is found that supports a new theory or model.
Candidates should use historical examples of the way scientific theories and models have developed and how this changes our knowledge and understanding of the physical world.
Examples in this specification include • Galileo deduced from his inclined plane experiment that falling objects accelerate. Newton later explained why and showed that freely-falling objects have the same acceleration. The kinetic theory of gases explains the experimental gas laws." (How Science Work, p. 36-37) Australia (ACARA | The Australian Curriculum | Version 7.5) "Physics uses qualitative and quantitative models and theories based on physical laws to visualise, explain and predict physical phenomena. Models, laws, and theories are developed from, and their predictions are tested by making, observations and quantitative measurements." (Rationale, p. 4)
"Physics aims to develop students' understanding of the ways in which models and theories are refined and new models and theories are developed in physics; and how physics knowledge is used in a wide range of contexts and informs personal, local and global issues." (Aims, p. 4) "As science involves the construction of explanations based on evidence, the development of science concepts, models and theories is dynamic and involves critique and uncertainty. Science concepts, models and theories are reviewed as their predictions and explanations are continually re-assessed through new evidence, often through the application of new technologies." (Science as a Human Endeavour, p. 7)
"Science understanding is evident when a person selects and integrates appropriate science concepts, models and theories to explain and predict phenomena, and applies those concepts, models and theories to new situations. Models in science can include diagrams, physical replicas, mathematical representations, word-based analogies (including laws and principles) and computer simulations. Development of models involves selection of the aspects of the system/s to be included in the model, and thus models have inherent approximations, assumptions and limitations. The Science Understanding content in each unit develops students' understanding of the key concepts, models and theories that underpin the subject, and of the strengths and limitations of different models and theories for explaining and predicting complex phenomena." (Science understanding, p. 8)
"By the end of this unit, students … understand how scientific models and theories have developed and are applied to improve existing, and develop new, technologies." (Learning outcomes, p. 13) "For the physical systems studied, the student… • applies theories and models of systems and processes to explain phenomena, interpret complex problems, and make reasoned, plausible predictions in unfamiliar contexts.
• analyzes the roles of collaboration, debate and review, and technologies, in the development of physical science theories and models" (Achievement Standard A, B, and C, p. 28) "For the physical systems studied, the student… • identifies aspects of a theory or model related to the system; describes phenomena, interprets simple problems, and makes simple predictions in familiar contexts.
• describes the roles of communication and new evidence in developing physical science knowledge; describes ways in which physical science has been used in society to meet needs," (Achievement Standard D and E, p. 28)
